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ABSTRACT
In the hierarchical structure formation scenario, galaxies enlarge through multiple merging events
with less massive galaxies. In addition, the Magorrian relation indicates that almost all galaxies are
occupied by a central supermassive black hole (SMBH) of mass 10−3 of its spheroidal component.
Consequently, SMBHs are expected to wander in the halos of their host galaxies following a galaxy
collision, although evidence of this activity is currently lacking. We investigate a current plausible
location of an SMBH wandering in the halo of the Andromeda galaxy (M31). According to theoretical
studies of N -body simulations, some of the many substructures in the M31 halo are remnants of a
minor merger occurring about 1 Gyr ago. First, to evaluate the possible parameter space of the
infalling orbit of the progenitor, we perform numerous parameter studies using a Graphics Processing
Unit (GPU) cluster. To reduce uncertainties in the predicted position of the expected SMBH, we then
calculate the time evolution of the SMBH in the progenitor dwarf galaxy from N -body simulations
using the plausible parameter sets. Our results show that the SMBH lies within the halo (∼20–50
kpc from the M31 center), closer to the Milky Way than the M31 disk. Furthermore, the predicted
current positions of the SMBH were restricted to an observational field of 0◦.6× 0◦.7 in the northeast
region of the M31 halo. We also discuss the origin of the infalling orbit of the satellite galaxy and its
relationships with the recently discovered vast thin disk plane of satellite galaxies around M31.
Subject headings: galaxies: dwarf — galaxies: evolution — galaxies: individual (M31) — galaxies:
interactions — galaxies: kinematics and dynamics — galaxies: structure
1. INTRODUCTION
In a cold dark matter (CDM) universe, the hierarchi-
cal structure formation scenario posits that large galax-
ies, such as the Milky Way and the Andromeda galaxy
(M31), have enlarged through multiple mergers with
smaller galaxies. Furthermore, the mass of the spheroidal
component of galaxies is correlated with the mass of their
central supermassive black holes (SMBHs). The Magor-
rian relation (Magorrian et al. 1998; Marconi & Hunt
2003) implies that galaxies coevolve with their central
SMBHs. However, the coevolution process of galaxies
and SMBHs is largely unknown. In the hierarchical
structure formation scenario, galaxies collide and merge
with other galaxies and subsequently with less massive
galaxies, causing their central SMBHs to drift within the
halo region of their host galaxy. In other words, SMBHs
wander in the halo of their host galaxy after galaxy merg-
ing events and finally sink toward the central region of
the host galaxy under dynamical friction. Therefore,
SMBHs can be either centralized in their host galaxy,
as in active galactic nuclei, or reside outside of the nu-
cleus (Bellovary et al. 2010), although evidence of the
latter class of SMBHs is currently lacking. The search
for wandering SMBH has recently attracted great inter-
est (Farrell et al. 2009; Wiersema et al. 2010). In this
study, we theoretically investigate the probable positions
of such SMBHs.
Cosmological N -body simulations of the hierarchical
structure formation have revealed a wealth of merger
remnants around host galaxies (e.g. Bullock & Johnston
2005). To verify theoretical predictions from the
CDM scenario, and therefore test the current cosmol-
ogy, many observational researchers have focused on
merger remnants (e.g. Chiba et al. 2005; Minezaki et al.
2009). A giant stellar stream has been discov-
ered in the southern region of the halo of M31
(Ibata et al. 2001). Further photometric and spectro-
scopic observations of the spatial and radial velocity
distributions of red giant stars, as well as the metal-
licity distribution, have revealed other substructures
near M31 (Ferguson et al. 2002; McConnachie et al.
2003; Ibata et al. 2004, 2005; Irwin et al. 2005;
Guhathakurta et al. 2006; Kalirai et al. 2006a,b;
Gilbert et al. 2007; Ibata et al. 2007; Koch et al.
2008; Gilbert et al. 2009; McConnachie et al. 2009;
Kalirai et al. 2010; Tanaka et al. 2010; Richardson et al.
2011; Tollerud et al. 2012; Martin et al. 2013). The
motions of test particles under the gravitational po-
tential of M31 have been calculated (Ibata et al. 2004;
Font et al. 2006), and the interaction between the
progenitor of the stream and M31 has been investigated
in N -body simulations (Fardal et al. 2006, 2007, 2012,
2013; Mori & Rich 2008; Sadoun et al. 2013; Miki et al.
in prep.). These studies suggest that the stream, the
northeast shell, and the west shell constitute tidal
debris formed during recent pericentric passages of a
radially-accreting satellite. These models reproduce the
observed features and successfully restrain the orbit and
the properties of the progenitor.
From the Magorrian relation, a progenitor dwarf
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galaxy is expected to be occupied by an SMBH of mass
MBH about 10
−3 times the mass of the spheroidal com-
ponent of its host galaxy Msph (Magorrian et al. 1998;
Marconi & Hunt 2003). A similar relation between MBH
and the velocity dispersion σ of the host galaxy, called
the MBH − σ relation, has been confirmed down to
MBH ∼ 105M⊙ (Barth et al. 2005; Xiao et al. 2011).
Therefore, the relation between SMBHs and their host
galaxies holds down to Msph ∼ 108M⊙. Since the dy-
namical mass of the progenitor is estimated to be of or-
der 109M⊙ (Fardal et al. 2007, 2013; Mori & Rich 2008;
Miki et al. in prep.), the progenitor likely harbored an
SMBH of mass up to 106M⊙; assuming that the progen-
itor consisted solely of a spheroidal stellar component.
Thus, an SMBH should currently be wandering among
the merger remnants. Finding such an SMBH will help
to elucidate how SMBHs coevolve with galaxies. This
study uses N -body simulations to predict the current
likely positions of the SMBH and thereby guide future
observational detections.
Using N -body simulations, we first constrain the in-
falling orbit of the progenitor satellite galaxy (§2). In
§3, we investigate the current plausible position of the
expected SMBH in the M31 halo and derive an obser-
vational field for future observations. The physical re-
lationships between this merger event and the satellite
galaxy distribution around M31 is discussed in §4. The
study is summarized in §5.
2. INFALLING ORBIT OF THE SATELLITE
In this section, low-resolution N -body simulations are
conducted over a wide parameter range to restrict the
infalling orbit of the progenitor satellite galaxy. Follow-
ing this investigation, N -body simulations are conducted
at higher resolution in §3. The numerical modeling and
analysis are discussed in §2.1 and §2.2, and simulation
results are presented in §2.3.
Before detailing our numerical modeling technique, we
emphasize how it differs from that of an earlier param-
eter study focused on the infalling orbit of the satellite
(Fardal et al. 2013). Fardal et al. (2013) sought the pa-
rameter set that best reproduced the observed structures.
They were interested in the physical properties of M31
and its progenitor satellite. Consequently, they focused
on a very narrow region of parameter space around the
best-fit configuration. By contrast, we seek to restrict the
region in which an SMBH of unknown location wanders
around the M31 halo. This requires a wider and more
systematic exploration of the parameter phase space to
identify all plausible parameter ranges. Our systematic
parameter study over a wide parameter region comple-
ments the study of Fardal et al. (2013).
2.1. Numerical Modeling of M31 and the Satellite
We simulate an accreting satellite dwarf galaxy inter-
acting with M31 using N -body simulations, concentrat-
ing on the infalling orbit of the progenitor dwarf galaxy.
We assume an axisymmetric fixed potential model com-
posed of a Hernquist bulge (Hernquist 1990), an expo-
nential disk, and an NFW halo (Navarro et al. 1996) for
M31 (Geehan et al. 2006; Fardal et al. 2007). This as-
sumption of the fixed potential model is appropriate be-
cause the dynamical response of M31’s disk to progen-
itor collision is negligible if the dynamical mass of the
progenitor is below 5× 109M⊙ (Mori & Rich 2008). Our
numerical simulations are performed in a Cartesian coor-
dinate system (x, y, z) whose origin represents the center
of M31. The z axis is directed along our line-of-sight, and
the x and y axes point east and north on the sky plane,
respectively. This coordinate system has been commonly
adopted in earlier studies of M31. The distance from
Earth to M31 is assumed as 780 kpc (McConnachie et al.
2003); thus, 1◦ corresponds to a physical scale of 13.6
kpc. The heliocentric velocity of M31 toward the line-of-
sight, east and south on the sky plane is assumed as −300
km s−1 (de Vaucouleurs et al. 1991), 127 km s−1 and 75
km s−1 (Sohn et al. 2012; van der Marel et al. 2012), re-
spectively.
By restricting the area in which the SMBH exists, this
study aims to determine the observational field for fu-
ture observational detections. The greatest contributor
to the uncertainty in the current SMBH position is un-
certainty of the infalling orbit of the progenitor dwarf
galaxy. Therefore, we should perform a large parame-
ter study in the six-dimensional phase space to constrain
the orbit of the infalling satellite to that of the observed
structures. Since a six-dimensional parameter space is
excessively large for an exhaustive search, even by recent
high-performance computer architectures, we reduce the
number of dimensions as follows. First, to ensure that
the satellite interacts with M31, we fix the initial dis-
tance of the infalling satellite as 7.63 kpc from the center
of M31 (corresponding to the scale radius of a dark mat-
ter halo; Fardal et al. 2007). In addition, we model M31
as an axisymmetric system. Imposing these conditions,
the parameter space is reduced to four dimensions (the
altitude of the initial position and the initial velocity vec-
tor), but remains very large.
To realize a sufficiently wide parameter space, the pa-
rameter sets are distributed on a relatively coarse grid
defined in M31-centric spherical coordinates. Since M31
is axisymmetric, the azimuthal angle (around the rota-
tion axis of the M31 disk) of the initial satellite posi-
tion is simply related to the observational angle. In-
stead of performing multiple N -body simulations at dif-
ferent azimuthal angles, we “observe” snapshots of N -
body simulations by rotating around the axis with a ∼3◦
bin width. To determine the altitude of the initial po-
sition, the northern hemisphere of M31 is covered in 6◦
increments. We focus on a merger occurring immedi-
ately prior to the giant stellar stream in the southern
hemisphere; thus, we consider the initial orbital position
to lie in the northern hemisphere. The possibility that
the satellite entered from the opposite side is discussed
in §4.
The grid width of the infalling velocity of the satellite
in the radial direction is ∼13 km s−1. Two characteristic
velocities are 550 and 440 km s−1, respectively, specify-
ing the escape velocity at the initial position (7.63 kpc
from the center of M31), and the velocity required to set
the apoapsis of the satellite at r = 100 kpc. Since the
giant stellar stream extends beyond 100 kpc from the
center of M31 (McConnachie et al. 2003), the infalling
velocity of the satellite should exceed 440 km s−1. For
a fair evaluation of other possibilities, we also test mod-
els in which the infalling radial velocity exceeds 550 km
s−1 and is slower than 440 km s−1. The tangential ve-
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locity vector at the initial position is described by two
parameters specifying its norm and direction. The for-
mer parameter (the speed of the tangential velocity) is
varied as a ratio of the radial velocity from 0 to 0.47 in
∼ 6.7 × 10−2 increments. The latter parameter (direc-
tion of the tangential velocity) covers 360◦ divided into
32 bins.
In this parameter survey, the infalling satellite contains
65, 536 particles and the gravitational softening length
is set as 50 pc. The progenitor is assumed as a King
sphere with total mass Mtot = 3×109M⊙, concentration
c = 0.7, and tidal radius rt = 4.5 kpc, since this model
best matches the progenitor dwarf galaxy when the pro-
genitor follows Fardal’s orbit (Miki et al. in prep.). The
numerical scheme adopts a second-order leapfrog inte-
grator and a shared fixed time step.
To sweep such a wide parameter space, we perform
a vast parameter survey utilizing a Graphics Processing
Unit (GPU) cluster, namely, HA-PACS at the University
of Tsukuba. For this purpose, a highly optimized N -
body simulation code is implemented on the GPU cluster
(Miki et al. 2013). The combination of the state-of-the-
art architecture and the highly optimized code enable the
parameter study. HA-PACS, which equips over thousand
boards of NVIDIA Tesla M2090, is a desirable system to
sweep the wide parameter space. Furthermore, the code
has a peak performance of 1 TFlop/s in single precision
with a single NVIDIA Tesla M2090 board, which is 76%
of the theoretical peak performance. Around thousand
runs of low-resolution N -body simulations complete in
a day when 128 boards of NVIDIA Tesla M2090 (about
one-eighth of HA-PACS) are in use.
2.2. On-the-fly Analysis
Since the number of N -body simulation runs is pro-
hibitively large, we automatically and simultaneously an-
alyze each snapshot of the numerical simulations. A
check list of the automatic online evaluation is provided
below:
1. The stellar stream and the west shell exist, and
each mass exceeds 107M⊙. This minimum value
is much smaller than 2.4 × 108M⊙ estimated by
Fardal et al. (2006), who assumed M/LV ≈ 7.
2. The stellar stream is the most luminous structure
in the southern area. The giant stellar stream is
the most luminous object found by the PAndAS
project in this region (McConnachie et al. 2009;
Martin et al. 2013). This criterion eliminates the
event of the undiscovered former satellite surviv-
ing the collision with M31.
3. The position of the surface density peak of the stel-
lar stream matches that of the observed peak: the
density of the simulated stream must peak within
a fan-like region of angular width 15◦, contain-
ing the observation field of the giant stellar stream
(Font et al. 2006). This condition is similar to that
described in Fardal et al. (2013).
4. The shapes of the two stellar shells adequately
agree with the observed shapes. To quantify how
precisely each run reproduces the observed shapes
of the two shells, we compute the reduced χ2 given
by
χ2ν ≡
1
ν
N−1∑
i=0
(
xi, sim − xi, obs
σi, obs
)2
, ν = N − 1, (1)
where the number of sampling points N is 48. The
edge position of the observed shells is evaluated
from the star count map prepared by Irwin et al.
(2005). Successful parameter sets must satisfy
χ2ν ≤ 1.7 (99.7% confidence level according to
Press et al. 2007).
5. The sharpness of the edge of the two stellar shells is
consistent with the observations. We stipulate that
the stellar density inside the edge is more than two
times the stellar density outside the edge.
6. The mass-density ratios among the stellar stream,
the east shells and the west shells are similar to
the observed ratios. Subtracting the noise from the
observed star count map by Irwin et al. (2005), we
obtain the number density ratios of the east shell
over the stream and the east over the west shells
as 1.77 ± 1.57 and 2.05 ± 1.80, respectively. We
stipulate that the mass density ratio is within 1σ
scatter.
To “observe” the simulated snapshots, we must as-
sume that the mass-to-light ratio of the satellite galaxy
is evaluated in the visible light range (V -band); i.e.,
Mtot/LV where LV is V -band luminosity. Based
on the Faber-Jackson relation in the nearby universe
(Falco´n-Barroso et al. 2011; Toloba et al. 2012), the es-
timated V -band magnitude of the satellite galaxy is
−17.73± 0.69 (corresponding to Mtot/LV of 2.84+2.52−1.34).
To eliminate the effects of large uncertainty in the mass-
to-light ratio, we assume the bright-end of the Faber-
Jackson relation (Mtot/LV = 1.51) and “observe” as
many faint structures as possible. To mimic the ob-
served star count map (Irwin et al. 2005), we “observe”
the numerical results imposing a limiting magnitude of
V = 24.5 (the detection limit of the Wide Field Camera
on the Isaac Newton Telescope; Irwin et al. 2005).
The method for detecting the edge of the stellar shell
while “observing” snapshots is optimized to capture all
edge-like features. All density peaks and valleys along
a radial direction on the sky plane are assigned as edge
candidates, and the candidate nearest to the observed
edge is tagged as the “observed” edge in the snapshots. If
we know the actual mass-to-light ratio of the progenitor
satellite galaxy, then the easiest and most plausible way
to determine the shell edges is to combine the mass-to-
light ratio with the instrument detection limit.
This simple method, however, would miss some edge
signatures if the mass-to-light ratio is assumed greater
(i.e. the satellite is assumed fainter) than the actual ra-
tio. To avoid this situation, we detect the edge of the
shells by the abovementioned method. Since only a small
number of the N -body particles are used, spurious den-
sity peaks and valleys are introduced by Poisson noise,
which artificially decreases the reduced χ2 value. Later,
this effect will be eliminated in the high-resolution N -
body simulations (see §3).
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Fig. 1.— Results of 44, 880 runs of the low-resolution parame-
ter study (corresponding to ∼5.7 million orbit models), simulating
the infalling orbit of the satellite. The horizontal and vertical axes
are the infalling radial and tangential velocities, respectively, of
the satellite 7.63 kpc distant from the center of M31. Red filled
circles indicate that the results accurately reproduce the observed
structures. Crosses represent results that failed to reproduce the
observed structures. Overlaid curves show contour maps of periap-
sis, rperi (kpc; blue solid lines), and crossing time tcross (in units
of free-fall time of the satellite; brown dashed lines). The filled
star and the filled square represent the infalling orbit of the pro-
genitor satellite galaxy in earlier studies Fardal et al. (2007) and
Sadoun et al. (2013), respectively. Thick solid curve corresponds
to the escape velocity 550 km s−1 at 7.63 kpc away from the center
of M31.
Here, we compare the above “observing” criteria with
those of earlier studies. In all of the earlier studies,
the structures formed after a galactic merger had repro-
duced (all or some of) the observed global shapes [mi-
nor merger scenarios by Fardal et al. (2007, 2012, 2013);
Mori & Rich (2008); Sadoun et al. (2013); Miki et al.
(in prep.), and major merger scenario by Hammer et al.
(2010, 2013)]. Most studies have compared the shapes
of the simulated and observed structures by human
eyes; exceptions are Fardal et al. (2013) and our previous
study Miki et al. (in prep.).
2.3. Constraints on the Orbit of the Satellite
We performed 44, 880 runs of N -body simulations, cor-
responding to 5, 699, 760 models of the infalling orbit of
the progenitor satellite. The results of the 5, 699, 760 or-
bit models are shown in Fig. 1. By automatic “observa-
tion” and by analyzing the N -body simulations described
in §2.2, we identified 138 orbit models that accurately
reproduced the observed structures, hereafter referred to
as orbit candidates (filled circles in Fig. 1). More specif-
ically, only 138 out of 5, 699, 760 infalling orbit models
passed our tests in this low-resolution parameter study.
In other words, the possible parameter space is an ex-
tremely narrow region of the phase space. Periapsis rperi
(contour map of solid curves) and tcross (contour map of
dashed curves) were evaluated by test-particle calcula-
tion under a fixed potential in the spherical components
of M31 (bulge and halo). The crossing time is defined
as the time required to pass the region r ≤ rc = 4.3 kpc
at the first pericentric passage, where rc is the critical
radius from the center of M31. At rc, the core radius
of the satellite corresponds to its Hill radius against the
M31 bulge. Within this radius, the tidal force exerted by
M31 largely governs the time evolution of the satellite.
At the core radius of the satellite, the free-fall time tff is
15 Myr.
The distribution of orbit candidates in Fig. 1 is con-
centrated around rperi ∼= 0.6− 1 kpc and tcross ∼= 0.95 tff .
Tidal forces exerted by the bulge of M31 stretch and dis-
rupt the infalling satellite. Since the strength of the tidal
force from the bulge of M31 is proportional to r3peri, the
parameters that adequately match the observed struc-
tures are restricted to a narrow rperi region. Figure 1
shows that tcross is also tightly constrained, implying the
importance of the satellite’s dynamical response to the
tidal force exerted by the bulge of M31. The strong tidal
field in the bulge of M31 ensures that even a small differ-
ence of the crossing time markedly affects the present-day
structures.
One of the most important results in this study is
that a maximum infall velocity of the progenitor satellite
galaxy exists (∼480 km s−1). Since the escape velocity
is 550 km s−1 (thick solid curve in Fig. 1), the observed
structures can only be formed by an M31-bound satel-
lite galaxy. The collision that occurred several hundred
megayears ago should have been the first collision of the
infalling satellite, because the strong tidal field exerted
by the bulge of M31 will destroy the satellite in a sin-
gle passage. However, as noted by Sadoun et al. (2013),
this situation does not naturally arise in the hierarchical
CDM context. This controversy and its solution will be
described in §4.
We now compare our results with those of related stud-
ies (Fardal et al. 2007; Sadoun et al. 2013). The infalling
orbit found by Fardal et al. (2007) (star in Fig. 1) locates
near the edge of the area occupied by the 138 orbit can-
didates. This indicates consistency between our study
and that of Fardal et al. (2007). Contrarily, the infalling
orbit of Sadoun et al. (2013) locates outside of our area.
Sadoun et al. (2013) set the satellite distant from M31,
to delay its collision with M31. This discrepancy be-
tween our study and Sadoun et al. (2013) chiefly arises
from the strict criteria adopted in our study, especially
the reduced χ2 analysis imposed on the shapes of the
observed two stellar shells.
3. INFALLING ORBIT OF THE SMBH
Here, we discuss high-resolutionN -body simulations of
the 138 orbit candidates that survived the low-resolution
parameter study described in the previous section. First,
we explain the numerical differences between the high-
and low-resolution models in §3.1. The resulting posi-
tions of the SMBH derived from the high-resolution N -
body simulations are presented in §3.2 and §3.3.
3.1. Numerical Modeling with the SMBH
The purpose of this section is to restrict the locality
of the wandering SMBH in the host galaxy. To simulta-
neously reproduce the observed structures and track the
orbit of the SMBH, we perform high-resolution N -body
simulations of M31 interacting with a progenitor satel-
lite containing an SMBH. We set the number of particles
in the satellite to 524, 288, and the gravitational soften-
ing length to 13 pc (equivalent to ∼10 increase in the
number of particles with ∼1/4 softening length, relative
to the low-resolution survey). Here, the SMBH is rep-
resented by an additional particle of mass 3 × 106M⊙
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Fig. 2.— Mass distribution (column density) maps of the debris
of the dwarf galaxy in standard coordinates centered on M31. The
color scale is shown along the right vertical axis of the upper panel.
In the upper panel, global distribution of N-body particles (the
best-fit epoch of the orbit model corresponding to SMBH ID 3 in
Tab. 1) is shown as a color image while white curves and lines
show the M31 disk. White squares show observed points of the
giant stellar stream Font et al. (2006), and red curves show the
edge and the width of the observed shells. The lower panel is a
1◦×1◦ enlarged view of the black square in the upper panel. Black
circles show the most probable current position of the SMBH. Gray
and magenta curves show the orbits of the SMBH particles for the
138 orbit candidates and the 5 successful candidates, respectively.
Blue curves show the SMBH positions when the observed shells are
reproduced at the 99.7% confidence level.
(∼500 times more massive than the other N -body parti-
cles), which is placed at the center of the progenitor dwarf
galaxy. This mass derivation assumes that the progeni-
tor’s stellar mass corresponds to its dynamical mass and
that the Magorrian relation (MBH ∼ 10−3Msph) holds.
Specifically, we adopt the maximum mass of the SMBH.
All the other parameter setups are the same with that
for the low-resolution N -body simulations, and as well
the computation performs on HA-PACS.
3.2. Hermitage of the SMBH
In the high-resolution N -body simulations, five orbit
models out of the 138 orbit candidates accurately re-
produced the observed structures. The increased num-
ber of particles yields a smoother mass distribution than
in the low-resolution calculations, since Poisson noise is
reduced. This effect eliminates orbit models whose re-
duced χ2 values were underestimated when matching the
shapes of the observed shells, as discussed in §2.2. Fig-
ure 2 shows the mass distribution map of the debris of
the satellite galaxy, obtained by the best-fit epoch of the
orbit model corresponding to SMBH ID 3 in Tab. 1. As
shown in the upper panel of Fig. 2, N -body simulations
accurately reproduce the observed structures, and the
SMBH exerts no significant effect on the formation of
the global structures. The top panel of Fig. 2 is overlaid
with the orbits of the SMBH particles for the 138 orbit
candidates (gray curves on the mass distribution map).
Magenta curves show the orbits of the SMBH particles
for the five successful candidates. The five black circles
show the most probable current positions of the SMBH
in the corresponding orbit models. Positional and veloc-
ity information of the five SMBH particles is summarized
in Table 1. The candidates are listed in ascending order
of reduced χ2 at the best-fit epoch.
The lower panel of Fig. 2 is an enlargement of the black
hatched region of the upper panel, covering a region of
1◦×1◦ (∼15 kpc ×15 kpc). The blue curves trace the or-
bits of the SMBH particles when the observed shells are
reproduced at the 99.7% confidence level. These curves
indicate the possible regions currently occupied by the
SMBH. Clearly, the blue curves are confined to a small
region (∼ 0◦.6×0◦.7), so the candidate field in which the
SMBH must exist is within 1◦×1◦. The above tight con-
straint for the current position of the wandering SMBH
is imposed by strong constraints on the following two fac-
tors: 1. the infalling orbit of the progenitor galaxy and 2.
the period in which the global structures are reproduced.
The SMBH resides close to its apoapsis, implying that
the SMBH moves relatively slowly, and the uncertainty
in the current position is smaller than in other positions,
such as the near periapsis.
3.3. Locus of the SMBH
Figure 3 shows the resultant χ2 map of the 138 runs
of the high-resolution N -body simulations, together with
the spatial distribution of satellite galaxies around M31
in the M31-centric spherical coordinate system defined by
McConnachie & Irwin (2006). The M31-centric galactic
longitude lM31 ranges from −180◦ ≤ lM31 ≤ 180◦, where
lM31 = 0
◦ points toward the Milky Way. The M31-centric
galactic latitude bM31 ranges from −90◦ ≤ bM31 ≤ 90◦,
where bM31 = 0
◦ indicates the plane of the M31 disk.
M31 and the Milky Way locate at the center and at
(lM31, bM31) = (0
◦, −13◦), respectively (not plotted in
the figure).
To compare the infalling orbits tested in this study
with the distribution of satellite galaxies, the parameter
space of low-resolution N -body simulations (light-brown
region) and the results of high-resolution N -body simu-
lations (color map) are also shown in Fig. 3. The light-
brown region covers the northern hemisphere of the M31
halo, while the small area occupied by the color map in-
dicates that the satellite must have infallen within a very
narrow directional range in the northern hemisphere to
reproduce the observational structures. The bold red
curve with arrows shows the orbit of an SMBH particle
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TABLE 1
Summarized information of five SMBH particles at the best-fit epoch
ID χ2
ν
(a) ξ (degree)(b) η (degree)(b) rM31 (kpc)
(c) R.A. (J2000.0) Decl. (J2000.0) D (kpc)(d) vlos (km s
−1)(e)
1 1.42 0.74 0.25 27.3 00 45 41.60 +41 31 02.16 754.8 −131.0
2 1.51 0.39 −0.04 48.9 00 44 18.16 +41 13 45.71 731.4 −355.4
3 1.56 0.43 −0.27 36.8 00 44 28.43 +40 59 59.54 743.8 −178.1
4 1.59 0.58 0.11 22.0 00 45 02.82 +41 22 31.47 759.4 −77.7
5 1.61 0.44 0.05 17.9 00 44 29.79 +41 18 58.52 763.2 −33.1
(a) Reduced χ2 when matching observed and simulated shapes of the two stellar shells.
(b) Position in M31-standard coordinates.
(c) Distance from the center of M31.
(d) Distance from the Local Standard of Rest.
(e) Heliocentric line-of-sight velocity.
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Fig. 3.— The Aitoff-Hammer equal-area projection of satellite galaxy distribution around M31 and infalling orbits of the progenitor.
Horizontal and vertical axes indicate the M31-centric galactic longitude and latitude, respectively. Blue circles indicate satellite galaxies
distributed in a vast thin disk with a pole at (lM31, bM31) = (−78
◦.4, 38◦.3) (blue curve: Ibata et al. 2013; Conn et al. 2013). Black circles
indicate other satellite galaxies listed in Ibata et al. (2013) and Collins et al. (2013). Light-brown points show infalling satellite orbit models
investigated in our low-resolution parameter study; these appear as light-brown bands or zones in the northern hemisphere. Overlaid color
map shows the results of the high-resolution parameter study in terms of reduced χ2 analysis of the shapes of the observed and simulated
stellar shells. The green square and triangle show the infalling orbit models of Fardal et al. (2007) and Sadoun et al. (2013), respectively.
All quantities related to the infalling orbit were evaluated at 7.63 kpc from the center of M31 (initial separation of N-body simulations in
this study). The bold red curve with arrows shows the orbit of an SMBH particle (SMBH ID 3 in Tab. 1). The SMBH moves along the
blue curve (disk plane of the satellites) from the orange-colored region in the bottom left direction. The SMBH progresses along the blue
curve and reaches the filled red circle, indicating its current position.
(A three-dimensional view of the SMBH orbits and the distribution of satellite galaxies around M31 is provided in the online-material.)
(SMBH ID 3 in Tab. 1). The SMBH moves along the
blue curve (disk plane of the satellites) from the orange-
colored region in the bottom left direction. The SMBH
progresses along the blue curve and reaches the filled red
circle, indicating its current position.
We compare our results with those of related studies
(Fardal et al. 2007; Sadoun et al. 2013). For this pur-
pose, Fig. 3 also plots the infalling orbits at r = 7.63
kpc adopted in earlier studies (Fardal et al. 2007; green
square; Sadoun et al. 2013; green triangle). The infalling
orbit of Fardal et al. (2007) locates at the edge of the pa-
rameter space in the high-resolutionN -body simulations.
Earlier, we established that it also locates near the edge
of the possible parameter region in terms of the infalling
velocity (see Fig. 1). Thus, this orbit almost matches the
orbits of our parameter study. Although the infalling or-
bit of Sadoun et al. (2013) occupies the high-resolution
parameter region in Fig. 3, their orbit is inconsistent with
our results. This discrepancy arises because the infalling
radial velocity is very high, and the orbital angular mo-
mentum very low, in their model (as mentioned in §2.3).
Here, we briefly consider the possibility that the pro-
genitor satellite galaxy entered from the southern hemi-
sphere of M31. As mentioned in §2.1, to produce the
giant stellar stream occupying the southern hemisphere,
the progenitor satellite galaxy should fall into the cen-
tral region of M31 from the northern hemisphere. In
§2.3, we also demonstrated that the progenitor satellite
passed 1 kpc distant from the center of M31 during its
free-fall time. This indicates that the tidal interaction
generated by the bulge of M31 through the pericentric
passage is sufficiently strong to destroy the satellite. In
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Fig. 4.— Estimating the effects of dynamical friction on the
orbital evolution of SMBH particles. In the upper panel, rate at
which kinetic energy is lost through dynamical friction is plotted as
a function of time. Solid, dotted, and dashed curves show the con-
tributions by M31’s halo, bulge, and disk component, respectively.
Thin and thick curves show the time evolution of each contribu-
tion for two SMBH particles selected from five successful candidates
(SMBH ID 1 and 2 in Tab. 1, respectively). Peaks and troughs in
these curves correspond to the passing of SMBHs through their
periapsis and apoapsis, respectively. The lower panel plots the en-
ergy lost through dynamical friction as a function of time. In these
plots, the energy loss during ∆t of 1 Myr is normalized by the
kinetic energy of the particles throughout the same period. Both
panels clearly show that the effects of dynamical friction amplify
only as the SMBH passes the central region of M31; thus, dynami-
cal friction exerts negligible effect on the motion of SMBHs at the
present time.
other words, the merger investigated in this study was
the first merger between the satellite and M31. There-
fore, we conclude that the satellite galaxy entered from
the northern hemisphere of M31, as earlier assumed in
this study.
4. DISCUSSION
4.1. Validity of the Assumptions
In this paper, we assume a fixed potential model for
M31. Therefore, the simulations exclude the possible ef-
fects of dynamical friction introduced by the bulge, the
disk, and the halo of the galaxy. However, dynamical fric-
tion plays a key role in sinking the SMBHs from the halos
to the central regions of their host galaxies. To estimate
how dynamical friction changes the orbits of SMBHs, we
now evaluate the amount of kinetic energy lost by the
SMBH through dynamical friction. The Chandrasekhar
formula (Binney & Tremaine 2008) gives the energy dis-
sipation rate due to dynamical friction Wfric as
Wfric = −4piG
2MBH
2ρ (rBH) lnΛ
vBH
[
erf(X)− 2X√
pi
e−X
2
]
.
(2)
Here, ρ(r) is the mass density profile, and X is defined
as vBH/
√
2σˆ2, where σˆ is the velocity dispersion. The
quantities lnΛ, rBH, and vBH denote the coulomb loga-
rithm, position, and velocity of the SMBH, respectively.
To estimate the effects of dynamical friction, we must
estimate the mass distribution, the velocity dispersion
of field particles, and the coulomb logarithm. For this
purpose, we adopt the Hernquist bulge, the exponential
disk and the NFW halo assumed in the N -body simula-
tions. The velocity dispersion of the bulge is 260 km s−1
(Geehan et al. 2006). From the equation of motion and
Poisson’s equation (see Mori & Rich 2008), the velocity
dispersion of the disk along its rotation axis is obtained
as 60 km s−1. We assumed a thin and axisymmetric disk,
with a flat rotation curve and constant velocity disper-
sion. If the distribution function is further assumed as
isotropic, the velocity dispersion of the halo is 233 km
s−1 at its scale radius (Widrow 2000). The coulomb log-
arithm is approximately given by
lnΛ = ln
(
bmaxvtyp
2
GMBH
)
, (3)
where bmax is the maximum impact parameter (here as-
sumed as 40 kpc, sufficiently greater than the size of the
bulge and the disk of M31), vtyp is the typical velocity
(velocity dispersion in the bulge and halo; maximum ro-
tation velocity of 260 km s−1 in the disk).
Figure 4 shows the effects of dynamical friction on the
orbital evolution of SMBH particles. The rate of en-
ergy loss, and the energy loss over 1 Myr (normalized
by kinetic energy), evolves as shown in the top and bot-
tom panels, respectively. Dynamical friction is relatively
large when the SMBH passes its periapsis (a region of
high mass density), and exerts negligible effects up to
the present day (t = 0). Since the stream was formed by
a near head-on collision (see §2.3), the progenitor resided
in the central region of M31 for very short periods. This
explains why our results were essentially unaffected by
dynamical friction. As shown in the bottom panel of
Fig. 4, about 10−3 of the SMBH’s kinetic energy was
dissipated in a single pericentric passage, as the SMBH
traversed the central region of M31 over ∼10 Myr (see
§2.3). Thus, dynamical friction encountered during a few
crossings exerts no influence on the motion of the SMBH
in this study. Consequently, our N -body simulations,
which ignore dynamical friction, are sufficiently realistic
to predict the current position of the SMBH.
In the next place, SMBH shifts from its initial posi-
tion by gravitational Brownian motion, a random walk
in momentum space perturbed by gravitational encoun-
ters with nearby stars (Merritt 2001, 2005). According
to Merritt et al. (2007), the expected velocity dispersion
of the SMBH is
4.0× 10−2 km s−1 ×
(
m˜
1M⊙
)1/2
×
(
σ˜
40 km s−1
)
, (4)
where m˜ and σ˜ are the effective stellar mass and the
one-dimensional velocity dispersion of nearby stars in the
satellite galaxy, respectively. In this paper, we assume
that the velocity dispersion of the satellite galaxy is σ˜ =
49.1 km s−1 at the center, and σ˜ = 39.3 km s−1 at the
core radius. This value is negligibly small, and will not
visibly alter the SMBH orbit; hence, we conclude that
excluding these effects does not alter our predictions of
the current SMBH position.
4.2. Origin of the Progenitor Satellite
In the recent observational studies of the satellite
galaxy distribution around M31, Ibata et al. (2013) and
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Conn et al. (2013) concluded that 15 of the satellite
galaxies are arranged in a disk-like structure. Fig-
ure 3 distinguishes the satellite galaxies forming a vast
thin disk around M31 (Ibata et al. 2013; Conn et al.
2013) from other satellite galaxies (Ibata et al. 2013;
Collins et al. 2013), which are randomly scattered. As
noted by Ibata et al. (2013) and Conn et al. (2013), ap-
proximately half of the M31 satellite galaxies locate near
a disk plane. Assuming that M31 was formed by a
gas-rich major merger event, and given the observed gi-
ant stellar stream (Hammer et al. 2010), Fouquet et al.
(2012) and Hammer et al. (2013) proposed that the ma-
jor merger gave rise to the observed satellite distribution.
However, the origin of the satellite distribution remains
an open question.
Figure 3 reveals a surprising result: part of the pos-
sible orbit region overlaps the disk plane of the satellite
galaxies around M31. This infers a close connection be-
tween the formation process of the giant stellar stream
and the disk plane of the satellite galaxies. Sadoun et al.
(2013) considered that several hundred megayears ago is
very recent to admit first-time collision between a bound
satellite galaxy and its host galaxy. However, this un-
natural situation can be understood from the disk-like
distribution of satellite galaxies. If the satellites are dis-
tributed in this way, the probability of satellite-satellite
interactions is higher than when the satellites are ran-
domly distributed, since the number density of satellite
galaxies is greater in a disk geometry. A satellite galaxy
within the disk plane can lose most of its angular mo-
mentum through inter-satellite interactions. Once this
occurs, the satellite is expected to follow a highly radial
infall orbit toward M31, generating the observed struc-
tures such as the giant stellar stream. In future studies,
we will evaluate the cross-section of these interactions
and discuss the possibility of this working hypothesis.
The remarkable correspondence between the orbit and
the disk plane becomes apparent when the orbit of an
SMBH particle (SMBH ID 3 in Tab. 1) is superimposed
on the galaxy distribution (see Fig. 3). Two of the five
successful orbits listed in Table 1 (SMBH ID 2 and 3)
lie on the disk plane. Therefore, if future observations
establish that the SMBH is wandering in the M31 halo,
we will be equipped with highly suggestive clues regard-
ing the formation and evolutionary history of the M31
halo. These data will enable connection of the observed
stellar structures, and the current and ancient distribu-
tions of satellite galaxies. Furthermore, since two of the
SMBH orbits coincide with the disk plane of the satel-
lite galaxies, more wandering SMBHs might reside in
the M31 halo. Figure 3 suggests that an SMBH ini-
tially moving along the disk plane remains on the plane.
The observed disk-like satellite distribution is expected
to trigger satellite-M31 interactions by extracting orbital
angular momentum via unknown process, for example,
satellite-satellite interactions. Consequently, remnants
of ancient merger events should be concentrated in the
halo region near the disk plane of the satellites. The
higher merger rate suggests that SMBHs will be simi-
larly concentrated in this field of the halo. Therefore, a
group of wandering SMBHs might locate along the disk
plane formed by the satellite galaxies.
4.3. Impacts on Components of M31
Here, the study by Gordon et al. (2006) is worthy
of note. They concluded that a 10 kpc ring observed
in the M31 disk is a remnant of an offset merger.
The ring structure of radius ∼10 kpc has been exten-
sively reported in infrared or Hα images (Habing et al.
1984; Rice 1993; Devereux et al. 1994; Haas et al. 1998;
Gordon et al. 2006). Gordon et al. (2006) argued that
the ring formed at an offset distance of 1.4 kpc from the
center of M31, close to rperi determined in this study (see
§2.3). This correspondence between the two studies sug-
gests that the 10 kpc ring is another fossil record of the
minor merger investigated in this study.
Davidge (2012) discovered an overdense region of ef-
fective radius 0◦.04, at (ξ, η) = (0◦.24, 0◦.20). Our re-
sults suggest that the clump found by Davidge (2012)
may be related to the giant stellar stream. To check
the physical connection between the former minor merger
event and the clump, the clump must be discriminated
from the M31 disk component in phase space, based on
spectroscopic observations. Fardal et al. (2013) similarly
compared the “location of the progenitor’s central mate-
rial” with the clump position; however, their results were
inconclusive because their stellar particles were widely
spaced. In Fardal et al.’s study, the particles were ini-
tially placed in the central region of the progenitor, and
the very central region was resolved by a small number
of N -body particles, leading to a sparse wider distribu-
tion. Kirihara et al. (in prep.) investigated a model of
M31 colliding with a dwarf spiral galaxy comprising a
stellar bulge, disk, and dark matter halo. They reported
that part of the bulge component of the progenitor sur-
vived the collision. The surviving part is located close
to the current position of the wandering SMBH identi-
fied in this study. This correspondence strongly suggests
that the current SMBH position is independent of the
morphology of the progenitor satellite galaxy.
Since the SMBH likely occupies the M31 halo, the
SMBH of the progenitor should not be considered as
an origin of multiple nuclei in M31* (Lauer et al. 1993;
Bender et al. 2005). Furthermore, since the SMBH lo-
cates closer to the MilkyWay than the M31 disk, the M31
disk will not disturb future observational attempts to de-
tect the SMBH. If the wandering SMBH is experimen-
tally verified in the near future, our understanding of how
SMBHs coevolve with their host galaxies will be greatly
enhanced. The candidate fields determined in this study
will complement future observations. Since the mass of
the SMBH is close to the low-mass end of the MBH − σ
relation, observational discovery of the SMBH will pro-
vide information on the low-mass end of the SMBH-host
galaxy associations.
5. CONCLUSION
We investigated an SMBH in an ancient satellite
galaxy, whose current position is consistent with the ob-
served structures in the M31 halo. The infalling orbit of
the satellite was first established by conducting numerous
low-resolution parameter trials on a high performance
GPU cluster. These preliminary investigations reduced
the possible parameter space for the orbit to a man-
ageable size. Next, the orbital evolution of the SMBH
was directly calculated in high-resolution N -body simu-
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lations. The hermitage of the SMBH was localized to the
northeast stellar shell over an area of ∼ 0◦.6× 0◦.7. The
observational field 1◦×1◦ was sufficiently wide to contain
all possible positions of the wandering SMBH. Further-
more, we found signatures of the relationships between
this particular minor merger and the recently identified
thin disk plane formed by M31’s satellite galaxies. This
discovery may assist in identifying a group of wandering
SMBHs in the halo of M31. Our forthcoming paper will
present a feasibility study on detecting the wandering
SMBHs Kawaguchi et al. (in prep.).
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on Grants-in-Aid for Specially Promoted Research by
MEXT (16002003), and the Grant-in-Aid for Scientific
Research (S)(20224002), (A)(21244013), (C)(18540242),
and (C)(25400222).
APPENDIX
CAPTION OF ONLINE-ONLY MATERIAL
The caption of the three-dimensional view of Figure 3 is as follows.
A three-dimensional view of the SMBH orbits and the distribution of satellite galaxies around M31 is provided in the
online-material (Back perspective corresponds to a view from LSR). Three-dimensional visualization was conducted
with the S2PLOT programming library (Barnes et al. 2006; Barnes & Fluke 2008). Colored spheres with bars, vectors
and labels indicate satellite galaxies distributed around M31 with errors of distance measurements, heliocentric line-of-
sight velocity and object name: red spheres denote satellites forming the thin disk, blue spheres denote other satellites
listed in Ibata et al. (2013) and yellow spheres indicate satellites listed in Collins et al. (2013) as well as M32 and NGC
205. Cyan and green curves show the 138 candidate orbits: cyan curves result from the N -body simulations; green
curves are orbits of the SMBH falling from the corresponding apoapsis into r = 7.63 kpc (evaluated by test-particle
calculations). Magenta and orange curves highlight the five successful orbits and dark gray spheres show the current
position of SMBHs. A movie version of the three-dimensional view of Figure 3 is also provided as an online-material.
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